It is increasingly becoming recognized that somatic and psychiatric disorders frequently cooccur in the same individual and that persons with mental illness or a history of it have more medical conditions during their lifetime than the general population.^[@ref1]^ Somatic complaints involving various types of pain, such as headache, stomach pain, vague, poorly localized pain, and back pain, are frequent in various psychiatric conditions, but the relationship between them and the question of whether psychoactive drugs similarly improve both conditions have never been clarified.

The mechanisms for these interactions are largely unknown, but a variety of indirect and direct mechanisms, which could also be either concomitants or consequences of one condition, have been proposed. The importance of biological vulnerability factors and environment has been heavily debated, and it was proposed that a substantial proportion of morbidity may be attributed not to a specific risk for one disorder, but to few underlying liability factors that are applicable to both somatic and psychiatric disorders.^[@ref1]^ Thus, even if psychiatric and somatic conditions do not affect each other, they might still cosegregate if they share common underlying factors, including genetic factors. Especially in complex disorders with multif actorial pathophysiological mechanisms, the relevance of genes has exceeded the simple identification of a diseaseenabling cause and is now focusing on importance for treatment response, side effects, interactions with the environment, and personality factors. It was further proposed that both the vulnerability for different disorders and the individual\'s interaction with the environment are influenced by genes ("nature and nurture").^[@ref2]^

Mechanisms of the interaction between brain and body
====================================================

The dispute over whether the brain or the body predominates can be traced back to ancient times. Although Hippocrates (460-377 bc), the legendary father of medicine, gave an early description of the brain and recognized that each side of the brain controls the opposite side of the body, the ultimate conceptual framework of brain-body interactions was established by the seminal observations of the French philosopher René Descartes (1596-1650). He provided the first articulation of the brain-body interaction by localizing the brain\'s contact with body in the pineal gland, and thus raised the question of the brain being the body\'s control center. Today, we are now aware that there are intimate connections and communications between brain and soma, since adaptation to stressful stimuli, maintenance of homeostasis, and ultimately survival require a bidirectional feedback communication among the different components. Thus, the combined actions of the central nervous system (CNS) and closely linked hormonal and immune systems function as a "supercontroller" with the capacity to regulate not only cognition and behavior, but also heart and vasculature, metabolism, and fluid and electrolyte balance.^[@ref3]^

Mental stress, either acute or chronic, produces certain physiological responses via the CNS *([Figure 1](#DialoguesClinNeurosci-5-129-g001){ref-type="fig"})*. The body\'s adaptive responses to stress stimuli are mediated by an intricate system, which includes the hypothalamus-pituitary-adrenocortical (HPA) axis and the sympathoadrenal system. Dysregulation of the system by repetitive or chronic stress may induce continually increased adrenocortico-tropic hormone (ACTH) and corticosteroid levels, increase the production of monoamines and proinflammatory cytokines within the brain, and thus contribute to a variety of somatic and psychiatric disorders including hypertension, atherosclerosis, functional disorders of the digestive system, several immunological disorders, affective disorders, or anxiety.^[@ref4]^ From a clinical point of view, much evidence has accumulated that disturbances in the HPA axis with elevated circulating plasma levels of ACTH and Cortisol play a pivotal role in depression. As it is also known that administered corticosteroids induce hypercholesterolemia, hypertriglyceridemia, and hypertension and that elevated morning Cortisol concentrations are correlated with coronary artherosclerosis,^[@ref5]^ a relationship between depression and vascular diseases seems plausible. However, in recent years, a paradoxical phenomenon has emerged from neurobiological studies on the effect of chronic stress, as a number of studies have provided evi dence that the adrenal gland is hypoactive in some stressrelated states, resulting in hypocortisolism. This enhanced negative feedback sensitivity of glucocorticoid receptors or a persistent lack of Cortisol availability can be observed in posttraumatic stress disorder and in other conditions such as chronic fatigue syndrome, fibromyalgia (FM), and rheumatoid arthritis. It was proposed that traumatized or chronically stressed individuals may have an increased vulnerability for stress-related somatic disorders.^[@ref6]^

![Interactions between brain and body. CRF, corticotropin-releasing factor; ACTH, adrenocorticotropic hormone; E, epinephrine; NE, norepinephrine; 5-HT, 5-hydroxytryptamine (serotonin); DA, dopamine; NK, natural killer.](DialoguesClinNeurosci-5-129-g001){#DialoguesClinNeurosci-5-129-g001}

The monoamine neurotransmitter systems, serotonin (5-hydroxytryptamine, 5-HT), norepinephrine (NE), and dopamine (DA), which are cornerstones of the hypotheses of psychiatric disorders, play important roles in mood, cognition, learning, motor activity, vigilance, reward, sleep, appetite, and cardiovascular function. Although their most important cell bodies are located in relatively small areas of the brain or brain stem, axonal projections are sent throughout the brain along specific pathways to mediate specific functions; when dysfunctional, they generate many symptoms of psychiatric disorders. On the other hand, axonal projections are also sent down the spinal cord, where they act as key homeostatic regulators to vegetative function or sensations coming from the internal milieu of the body. Thus, NE is also a major neurotransmitter in postganglionic sympathetic synapses and alterations in function of their transporters or receptors are compromised in cardiomyopathy, heart failure, hypertension, and ischemia.^[@ref7]^

Our understanding of the immunomodulatory activities of numerous neuroendocrine mediators, such as Cortisol, sex hormones, catecholamines, or corticotropin-releasing hormone (CRH) has advanced substantially. Proinflammatory cytokines are also expressed in the brain by microglia, astrocytes, oligodendrocytes, and neurons, and mediate the response to acute and chronic inflammatory CNS diseases. Products of an activated immune systern (eg, cytokines) may affect neuroendocrine and central neurotransmitter processes, and conversely neuroendocrine and central neurotransmitter alterations may have an impact on immune activity.^[@ref8]^ It had been shown that the immune system acts like a sensory organ informing the brain of peripheral antigenic challenge, and that immune activation with increased production of proinflammatory cytokines, such as interleukin-1β (IL-1β) and tumor necrosis factor α (TNF-α), increases the activity of the HPA axis and leads to altered monoamine turnover in the brain, thus influencing complex behavioral processes.^[@ref9]^ The findings of variations in plasma cytokines in patients with major depression^[@ref10]^ or schizophrenia^[@ref11]^ are supported by the facts that some antidepressants suppress the inflammatory response^[@ref10]^ and clozapine has antiviral properties, at least in vitro.^[@ref12]^

With respect to the multiple interactions, it becomes apparent that variations in genes coding for the proteins that are regulating or modulating these interactions might have a tremendous influence on the susceptibility for somatic and psychiatric disorders or for a combined vulnerability. Thus, studies that support linkage or association of variations in the genes implicated in these candidate pathways to psychiatric disorders could also be a hint to somatic distress. Indeed, it is known that certain inherited metabolic disorders, eg, Wilson disease, can impose with psychiatric symptoms as their initialand sometimes as their only manifestation and a variety of psychological and psychiatric manifestations, ranging from lowering of IQ to frank psychosis or mood disturbances can be observed.^[@ref13]^ However, these disorders are rare, and the majority of psychiatric and somatic diseases are complex disorders, which means that the underlying pathophysiology is multifactorial with interactions between one or more genes and environmental factors.

Findings in selected disorders
==============================

Migraine
--------

Migraine is one of the most common neurovascular disorders affecting between 16% and 23% of the general population. Characteristics of the disease are severe episodes of headache, together with autonomic and neurological symptoms.^[@ref14]^ Despite the rare familial hemiplegic migraine, which is probably caused by mutations in the calcium channel α~1~-subunit,^[@ref15]^ two main types can be distinguished: migraine without aura and migraine with aura. The latter has preceding transient focal neurological symptoms, mostly visual.

Epidemiological studies demonstrate a higher psychiatric comorbidity for anxiety, personality trait disorders, and suicide attempts in persons suffering from migraine than in persons without.^[@ref16]^ Further, the lifetime prevalence of major depression was approximately three times increased in patients with migraine with a significant bidirectional relationship between the two disorders.^[@ref17]^

Migraine is believed to be the manifestation of a hereditary abnormal sensitivity of neurovascular reaction to sudden changes in the internal or external environment, or to cyclic changes in the CNS. Although the real underlying mechanisms remain obscure, there is much support for a role of 5-HT, which is not only involved in regulation of behavioral functions, but also in gastrointestinal mobility and vascular resistance. Thus, acute migraine attacks can effectively be treated with triptans, highly selective 5-H~1B/1D~ receptor agonists, which act mainly via vasoconstriction of dilated cerebral blood vessels, inhibition of the release of neuropeptides such as substance P, and inhibition of nociceptive neurotransmission. Typical antidepressants, eg, amitriptyline or fluoxetine, are also effective in the preventive treatment of migraine, probably via their influence on the neurotransmitter systems. These findings are a hint for possible common pathophysiological mechanisms for migraine and depression, and lead to the question of whether polymorphisms relevant for affective disorders might also be involved in migraine.

### Genes of the serotonergic system

Among the most frequently investigated candidate genes of the serotonergic pathway is the serotonin transporter (5-HTT), which cleaves the synaptic cleft from neurotransmitters and thus limits the duration of 5-HT function. Two polymorphic sites within the 5-HTT gene are partieularly interesting: one located in the promoter region with a deletion/insertion variation of 44 bp, creating short (S) and long (L) alleles, the 5-HTT-linked promoter region *(HTTLPR);* and a variable number of tandem repeats *(VNTR)* polymorphism, located in the second intron of the gene.^[@ref18]^ The presence of the S allele of the *HTTLPR* is associated with decreased 5-HT reuptake, which, in turn, results in a longer duration of the serotonergic activity.^[@ref19]^ Although the results with psychiatric patients are not conelusive, the polymorphism may be of some importance in anxiety-related personality traits,^[@ref20]^ depression,^[@ref21]^ and sulcidality ^[@ref22]^ However, for migraine sufferers, no association has been found to date for this genetic variant of the 5-HTT.^[@ref23],[@ref24]^

In contrast, the *VNTR* polymorphism, whose functional significance remains to be elucidated, seems to play a role in migraine, as the frequency of the ST12.10 allele was increased.^[@ref23],[@ref24]^ Moreover, differences were observed between migraine with and without aura, thus being in concordance with the assumption that these forms of the disorder might be etiologically distinct.^[@ref24]^ These data support the view that susceptibility to migraine has a genetic component, which may, in some cases, be associated with a locus at or near *5-HTT.*

Further studies investigated genetic variations in the 5-HT receptors. Whereas no association was observed for the 5-HT2c subtype,^[@ref25]^ a polymorphism in the 5-HT~2A~ receptor gene (a T to C transition at position 102), which has been repeatedly associated with psychiatric disorders and treatment response,^[@ref26],[@ref27]^ also seems to be relevant in migraine. Although the distribution of the 5-HT~2A~ T102C genotypes could not be directly related to an increased risk of migraine, the C/C genotypes were more frequently observed in migraine with aura,^[@ref28],[@ref29]^ thus confirming the previously observed etiologic dichotomy of the two subtypes.

### Genes of the immune system

The association between pain and inflammation has led physicians to suspect a connection between immunological mechanisms and headache syndromes for many years. Several immunological abnormalities, such as changes in serum levels of complement and immunoglobulins or increased TNF-α, have been described in body fluids of patients with migraine and may be related to susceptibility to increased infection.^[@ref30]^ The cause for this increased susceptibility is unclear, but was discussed as a result of chronic stress, a well-known suppressor of the immune system. Stress relief enhances immune activity and triggers a burst of circulating vasoactive neuropeptides (such as substance P or neurokinin A), which function as mediators of inflammation and potential precipitators of a migraine attack in vulnerable subjects.^[@ref30]^

It is well known that the production of cytokines is also regulated by genes,^[@ref31]^ which might in turn have implications on the age of onset of several disorders as rheumatoid arthritis^[@ref32]^ or Alzheimer\'s disease.^[@ref33]^ A recent observation indicated that migraine patients with aura who are carrying the T/T genotype of the interleukin-la *C889T* polymorphism have about 10 years earlier age of onset of their migraine attacks. This supports the hypothesis of a genetically driven sterile inflammation as one etiological factor.^[@ref34]^ Moreover, an association was found for the cytokines produced by TNF genes with the TNFβ2 allele, but only in migraine sufferers without aura.^[@ref35]^ These findings support the assumption that the abnormalities in immunological parameters are not only a consequence of the headache attacks, as has been repeatedly hypothesized, but can also modify the clinical course and the phenotypic expression of the disease.

Fibromyalgia
------------

FM is a syndrome characterized by chronic widespread, persistent pain associated with increased tenderness to palpation due to lowering of the mechanical pain threshold and additional symptoms such as stiffness, fatigue, and psychological distress.^[@ref36]^ Several additional clinical features of FM, including depression, anxiety, and sleep disturbances, as well as the fact that it runs in families and shows an increased familial loading with depressive disorders, have even lead to the suggestion that FM might be a "depressive spectrum disorder."^[@ref37]^ This assumption was further supported by positive therapeutic response to antidepressant drugs, as well as by the fact that pain perception threshold was found to be decreased during depression,^[@ref38]^ which was considered as being attributable to dysfunction in several neurotransmitter systems.^[@ref39]^

The etiology of FM is unknown, but a possible contribution of 5-HT has been suggested on the basis of multiple biological findings, as for example, low levels of serum 5~m~fjT^[@ref40]^ and low 5-hydroxyindole acetic acid (5-HIAA) levels in cerebrospinal fluid (CSF) of idiopathic pain patients.^[@ref41]^ Further, since tryptophan supplementation was shown to improve not only depression and anxiety, but also somatic pains in a variety of patient cohorts, the concept of decreased flux through the 5-HT pathway in FM patients has been proposed.^[@ref42]^ A recent finding in FM patients demonstrated strong negative correlations between the serum concentrations of substance P and 5-HIAA and between substance P and serum tryptophan.^[@ref43]^ These findings support the hypothesis of a systemic involvement of 5-HT and substance P in FM.

### Genes of the serotonergic system

As regards the 5-HTT gene *HTTLPR* polymorphism, we have observed a higher frequency of the SS genotype in FM patients compared with healthy controls and, interestingly, patients with the SS genoytpe exhibited higher levels of depression and psychological distress.^[@ref44]^ This preliminary finding was recently confirmed in patients of two different ethnicities (Jewish and Arabian populations), and extended by the observation that the FM patients were characterized by extremes of temperament extensions, especially harm avoidance.^[@ref45]^ These results are in concordance with our previous findings, as the personality trait of harm avoidance and neuroticism are correlates of clinical depression and anxiety-related disorders. Taken together, these findings suggest that the correlation between FM and the short allele (S) of the *HTTLPR* polymorphism could either (i) be indicative of common pathophysiological mechanisms with depression; or (ii) be mediated by depressionand anxietyrelated traits, and thus indicative of a subgroup of patients more likely to suffer depression.

The 5-HT~2A~ receptor also seems to be of great interest, since a recent finding with animal experiments suggested that the 5-HT2a receptor is involved in the thermal hyperalgesic mechanism of 5-HT in periphery^[@ref46]^ The facts that the cerebral expressions of the 5-HT~2A~, 5-HT~2C~, and 5-HT6 receptors in rats are colocalized extensively with synthesis and expression of the neuropeptides enkephalin, substance P, and dynorphin^[@ref47]^ and that substance P immunoreactivity was found to be higher in lumbar CSF of FM patients^[@ref48]^ further highlight the importance of the 5-HT~2~ receptor family in the underlying pathophysiological process of this disorder. In a large cohort of FM patients, we showed a significantly different genotype distribution in FM patients with a decrease in T/T and an increase in T/C and C/C genotypes of the 5-HT~2A~ *C102T* polymorphism. Although there were no correlations between genotype and age of onset, duration of the disorder, or psychopathological symptoms rated on the Beck Depression Inventory, we found a reduced pain threshold in patients with the T/T genotype.^[@ref49]^ Recently, the significant correlation between the 5-HT~2A~ TT genotype and increased pain perception was replicated in a different sample, but no overall differences between patients and controls were observed.^[@ref50]^ Although these findings indicate that the 102T allele of the 5-HT2A receptor gene polymorphism is involved in the complex circuits of nociception, this genetic variant is apparently not directly involved in the etiology of FM, but is supposed to be in linkage disequilibrium with the true variant nearby, which remains to be unraveled.

Depression and cardiovascular disorders
---------------------------------------

There is burgeoning literature on the relationship between mood disorders and cardiovascular disease (CVD). Several studies have demonstrated that depression increases the risk of developing cardiac disease, in particular coronary artery disease, and to worsen prog- nosis after myocardial infarction.^[@ref51]^ The impact of depression was mostly related to the premorbid cardiac disease

status with a twoto fourfold increased risk of mortality during the first 6 months following myocardial infarction, but a recent analysis has shown that depression increases the risk for cardiac mortality independently of baseline cardiac status.^[@ref52]^

The mechanisms of increased cardiac risk attributable to depressive illness are at present uncertain, but activation of the sympathetic nervous system with increased levels of monoamines,^[@ref53]^ exaggerated platelet activity, and/or enhanced inflammatory-mediated atherogenesis are likely to be of primary importance.^[@ref51],[@ref53]^

### The 5-HTT gene

Activation of platelets is pivotal to the development of hemostasis and thrombosis, and plays a role in the development of atherosclerosis via multiple interactions with endothelial vessel walls and plasma coagulation factors.^[@ref54]^ However, patients with depression also exhibit altered platelet function and increased aggregation, and thus predispose depressed patients to clotting diathesis.^[@ref51]^ Thus, it was proposed that increased platelet activation in depression might be the mechanism by which depression becomes a significant risk factor for CVD. The mechanisms by which platelet activation is increased in depression remain unknown, but one possibility involves the 5-HT system, because 5-HT activates platelet aggregation thus leading to thrombus formation.^[@ref55]^ In this context, it would be remarkable if the *5-HTTLPR* polymorphism influenced the degree of platelet activation, as homozygosity for the long allele (L/L) could be associated with platelet activation, increased platelet factor 4, and thromboglobulin levels in elderly, depressed patients.^[@ref56]^ On the basis of this finding, it was proposed that platelets in persons with the L/L genotype are more efficient in uptake and storage of 5-HT in their dense granules, followed by increased 5-HT release upon activation, which may consequently lead to a greater thrombus formation and finally to myocardial infarction.^[@ref56]^

The possible importance of the *5-HTTLPR* polymorphism was further underlined by a study investigating the impact of indices of CNS 5-HT function on cardiovascular reactivity to mental stress. The study was carried out in healthy volunteers and showed that persons with one or two L alleles had higher CSF levels of the 5-HT metabolite 5-HIAA than those with the S/S genotype and exhibited greater blood pressure and heart rate responses to a mental stress protocol. Thus, the *5-HTTLPR* polymorphism affects not only central 5-HT function, but also seems to be involved in the regulation of biobehavioral characteristics.^[@ref57]^

### The G-protein-β3 subunit (Gβ3) gene

Neurotransmitter molecules do not cross the postsynaptic membranes, but induce a cascade of reactions via their initial binding to surface receptors within the postsynaptic membrane, which are often coupled to guanine-nucleotide-binding proteins (G proteins). These G proteins represent initial regulatory components in transmembrane signaling and are thus key elements in signal transduction, regulating many biological responses.^[@ref58]^ In one subunit of these G proteins, the Gβ3 subunit, a polymorphism was identified (a C to T exchange at position 825 in exon 10), which leads to the occurrence of a splice variant (Gβ3-s) with deletion of 41 amino acids. It is now fairly well established that the T allele of this polymorphism, which results in increased ion flux across the membrane and increased signal transduction, is associated with hypertension and obesity.^[@ref59],[@ref60]^ However, this genetic variant is not just important for somatic disorders, because we also found an increased frequency of the T allele in patients with affective psychosis.^[@ref61]^ In an extended sample, using the DNA of 201 patients with major depression without increased proportions of hypertensives, we were able to replicate our previous results of increased frequency of allele T and increase in TT homozygotes (χ^2^=14.8; *df=2;* P=0.0006). Thus, our results are consistent with the hypothesis that disturbances in the signal transduction cascade on the level of G proteins are involved as contributing factor in the pathophysiology of major depression, despite its importance in essential hypertension.^[@ref62]^

### The ACE gene

Angiotensin-converting enzyme (ACE) is a zinc metallopeptidase involved in blood pressure regulation via the angiotensin-renin cascade, generating angiotensin II (ATII) from angiotensin I, and via degradation of the powerful vasodilator bradykinin. However, the effects of this enzyme are not restricted to the vasculature, as several studies have demonstrated that ACE might also be involved in HPA axis regulation and catecholamine production via the generation of ATII^[@ref63]^ and is thus required for sympathoadrenal activation during stress.

Further evidence suggests an involvement of the brain renin-angiotensin system in regulation of mood, because of the colocalization of angiotensin with dopamine-synthesizing neurons,^[@ref64]^ the fact that ACE is involved in the metabolism of the neuropeptide substance P, which, in turn, is supposed to play a role in depression,^[@ref65]^ and the clinical observation that the application of ACE inhibitors in hypertensives can induce euphoric or depressive states.^[@ref66]^

The ACE I/D polymorphism is characterized by the insertion (I) or deletion (D) of a 287-bp sequence within intron 16 of the gene; and the D allele is associated with increased levels of circulating ACE.^[@ref67]^ Numerous studies have implicated the ACE DD genotype with cardiovascular disorders, including myocardial infarction,^[@ref68]^ hypertension, and left ventricular hypertrophy,^[@ref69]^ and also affective disorders,^[@ref70]^ but these associations were not consistent in all studies. A review of the literature revealed a moderate degree of increased risk for myocardial infarction and coronary heart disease associated with the ACE DD genotype in most populations.^[@ref71]^ Recently, the impact of the ACE DD genotype on myocardial infarction was reevaluated using the paradigm of gene-gene interaction between the ACE gene variants together with the *C825T* polymorphism in the Gβ3 subunit in patients with coronary artery disease with and without myocardial infarction. In the combined analysis of the ACE and Gβ3 polymorphisms, the highest relative risk (odds ratio \[OR\] 7.5) was found in Gβ3-TT/ACE-DD carriers, suggesting that the interaction between the Gβ3 825T and the ACE D alleles increases the risk more than sevenfold and are thus a possible contributing factor for myocardial infarction.^[@ref72]^

On the basis of our own previous results regarding an association of the Gβ3 825T allele with affective disorders^[@ref61]^ and a possible influence of the ID polymorphism of the ACE gene polymorphism on therapeutic outcome in affective disorders,^[@ref73]^ we studied the interaction of both gene variants in 201 patients with unipolar major depression and 161 ethnically matched controls. Interestingly, in depressed patients, we observed a combined action of ACE and Gβ3 genotypes: ACE-ID and DD/Gβ3-TT carriers were more than four times more frequent in the depressed group than in the controls (crude OR=5.83; 95% confidence interval 1.99-17.08; P=0.0002).^[@ref62]^ As our study was carried out in depressed patients without serious cardiovascular impairment, we are currently unable to predict whether this combined action of the ACE ID/DD and Gβ3 TT genotype increases the risk for both disorders. Nevertheless, our study is the first report of the same allelic combination of two genes that increase the risk for myocardial infarction^[@ref72]^ and the vulnerability for depressive disorder, and this could be one missing link for the interaction.

Summary and conclusion
======================

With respect to the multiple interactions between brain and body, it is plausible that polymorphisms in genes coding for proteins that regulate or modulate these interactions have a tremendous influence on susceptibility, pathophysiology, or comorbidity of somatic and psychiatric disorders. Thus, variants in several candidate genes that have repeatedly been associated with psychiatric disorders may also be successfully investigated in somatic disorders or vice versa. The available data, although being still preliminary and rare, implicate the importance of the serotonergic and catecholaminergic systems, the various components of the HPA axis as well as the immune system and ACE as possible common genetic risk factors for psychiatric and somatic disorders. Interestingly, polymorphisms within the 5-HTT and 5-HT~2A~ receptor gene were found to be related to migraine, FM, cardiovascular events, and several psychiatric conditions, thus underlining the multiple effects of this neurotransmitter in brain and periphery. Neither the immunological system nor the ACE gene have yet been extensively investigated, but a similar importance for these proteins could be anticipated.

The role played by these various polymorphisms remains to be determined. Some may not be specific for disorders, but could increase susceptibility to the disorder and induce endophenotypic vulnerability markers. Although it is questionable whether these findings have immediate clinical implications, they do at least illustrate the potential influence of genetic differences on illness course and treatment outcome, and help elucidate the biological underpinnings of the diseases, which allows a more rationale approach to drug development and treatment paradigms.
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